CHAPTER |V

DEPOLARI ZATI ON ON EARTH- SPACE PATHS

4.1 |1 NTRODUCTI ON

By using orthogonal polarizations, two independent infornmation
channel s occupying the same RF frequency band can be transmtted
over a single link. This technique is used in satellite
communi cations systens to effectively increase the avail able
spectrum  Wiile the orthogonal ly-polarized-channels are conpletely
isolated in theory, sonme degree of interference between themis
inevitable, owing to less-than-theoretical performance of spacecraft
and Earth station antennas, and depolarizing effects on the
propagation path. The main sources of this depolarization at
mllinmeter wave frequencies are hydroneter absorption and
scattering in the troposphere.

4.1.1 Definition of Terns

Frequency reuse satellite comunications systems utilize either
orthogonal linear or circular polarization states. The orthogonal
l'inear polarization (LP) states are nornally referred to as vertica
and horizontal, but except for Earth stations at the satellite’s
| ongi tude, the polarization directions are rotated somewhat from the
| ocal vertical and horizontal references. The orthogonal circular
states are left-hand and right-hand circular polarization (LHCP,
RHCP), differing in the sense of rotation of the electric field
vector. The “handedness” is defined as follows: a wave is RHCP jf
the sense of rotation of the field corresponds to the natural curl
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of the fingers of the right hand when the right thunb is pointed
al ong the propagation direction. Likewise for LHCP. Thus a RHCP
wave com ng out of the paper would have an electric field rotating
count ercl ockw se.

A measure of the degree of interference between the two
ort hogonal | y-pol ari zed channels is the crosspol ari zation
di scrimnation (denoted XPD), defined as follows: Let Eij be the
magni tude of the electric field at the receiver that is transmtted
in polarization state i and received in the orthogonal polarization
state j (i,3=1,2). Ej; and E22 denote the copolarized waves Ei2 and
E2) refer to the crosspolarized waves. This is “illustrated in
Figure 4.1-1. XPDis the ratio (in dB) of the power in the
copolarized wave to the power in the crosspolarized wave that was
transmtted in the sane polarization state.

XPD = 2o|ogEU— (4.1-1)
12

If state “I” is RHCP and “2" is LHCP, for exanple, then the XPD is

the ratio of the RHCP power to the LHCP power, given that only a
RHCP wave was transmtted.

A closely related neasure is the crosspolarization isolation
(XPI), which conpares the copolarized received power with the

crosspolarized power that is received in the sane polarization
state:

XPlI = 20 Iog—Eﬂ
E2 (4.1-2)

Again letting the states “I” and “2" refer to RHCP and LHCP, the XP
conpares the power in the RHCP received wave that was transmtted as
RHCP to the power that was transmitted as LHCP. XPI is the
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parameter that is nmost neaningful to system engineers, since it
directly gives the carrier-to-interference ratio in a received
channel. However, XPD is the paraneter that is nost easily

measur ed. It has been shown (Watson and Arbabi-1973) that XPlI and
XPD are the sane if the hydroneters responsible for the
depol ari zati on have certain symretry properties. The geonetric
nodel s that have been used for raindrops and ice crystals have the
necessary symetry, so XPl = XPD in theory. In practice, it has

been found that there is not a significant difference between XPI
and XPD.

Anot her term used to describe depol arization, cross polarization
ratio (CPR), is the reciprocal of XPD. Qher parameters in use,
e.g., crosstal k discrimnation? crosspolarization distortion,

depol ari zation ratio, crosspolarization level, usually reduce to XPD
or XPI.

In the discussion that follows, it is often inportant to
di stingui sh between polarization properties of a wave in space, and
the paraneters that we actually neasure at the output of the
receiver. W shall use XPD to describe the wave properties and a
different term Isolation gy(after Stutzman-1977) to describe the
receiver output. In general,

copolarized channel output power
crosspolarized channel output power

| sol ation takes into account the performance of the receiver
antenna, feed, and other conponents as well as the propagating
“medium  When this performance is close to ideal, and/or the XPD of
the wave is low (i.e. severe depolarization)? then 1=xpD. This wll
be discussed in nore detail |ater.

4.1.2 Hydroneter Sources of Depolarization

The maj or sources of depolarization on Earth-spe.e paths are
hydromet ers, ionospheric Faraday rotation, and multipath. The
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predom nant source at mllinmeter wave frequencies is hydroneters,
and rain is the hydroneter species that has the greatest effect.”

4.1.2.1 Rain. To determne the attenuation due to rain, the

rai ndrops are modelled as spheres of water suspended in space. Real
raindrops are falling at their termnal velocity and, due to the
conpl ex aerodynam ¢ and hydrostatic forces acting on them they are
in general not spherical. The very snall drops ( 20.03 cmin
dianeter) are very nearly spherical, drops in the range of about
0.03 to 0.10 cmin diameter can be considered oblate spheroids, and
drops with dianeters |arger than about 0.10 cm are asymmetric bl obs
wth flat or concave bottons (Pruppacher and Pitter-1971).
Depol ari zation occurs because of this lack of spherical symetry,
along with the tendency for the drops to have a preferred
orientation (i.e., top and bottom flattened). The effects of the
rain-filled nedium on a wave propagating through it are dependent on
the orientation of the electric field vector with respect to the
preferred drop orientation.

It is easy to picture the effect ofthe “flattened” raindrops on
linearly polarized (LP) waves propagating horizontally: The fields
of horizontal LP waves encounter nore water, on the average, than do
vertical LP wave fields, and so are subjected to nore attenuation
and phase shift. An LP wave at sonme arbitrary orientation, say 45°
fromthe vertical, can be resolved into an equivalent set of
conponent waves having horizontal and vertical polarization. After
passing through the rain, the horizontal conponent has suffered a
greater decreased in anplitude, so the polarization direction has
been shifted toward the vertical. In addition, the differentia
phase shift between the conponents has caused the wave to becone
slightly elliptically polarized. These depolarizing effects of rain
are described nore rigorously later.

4.1.2.2 lce Crystals. Mst of the depolarizing effect of rain is
produced by differential attenuation. Therefore rain depolarization
and attenuation are fairly well correlated. Starting in 1975, when
ATS-6 propagati on experinments were well underway in Europe,
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researchers were surprised to see occasions of severe depolarization
that were conpletely uncorrelated with rain attenuation. The cause
of this “anomal ous” depol arization has since been identified as
oriented ice crystals. Ice can occur at altitudes above the
freezing level in cirrus clouds and at the tops of cunul oni nbus
clouds. \When sonething causes the ice crystal symetry axes to
align themselves, itbrings on a polarization-selective phase
effect. W are nowfairly certain that the electrostatic fields
associated with electrically-active stornms are at |east one aligning
force. This is consistent with the observed abrupt changes in XPD
coincident with lightning flashes.

| ce depol arization has been theoretically modelled in a manner
anal ogous to rain depolarization. For that purpose, the ice
crystals are assuned to be either oblate or prolate ellipsoids,
correspondi ng respectively to “plates” and "needles," which are two
distinct types of crystals that are known to exist in clouds. The
nodel is in good agreement with observations and explains the rapid
changes in the phase of the crosspol arized waves that acconpany
l'ightning flashes.

4.1.2.3 Snow, Graupel and Hail. The anisotropy that is responsible
for depolarization by rain and high-altitude ice crystals apparently
al so exists in snow. From S-band and Ku-band radar neasurenents,
Hendry, et. al. (1976) have observed significant differential phase
shifts between the right-and left-hand CP radar returns in noderate
to heavy snow. The differential phase shift along the propagation
path was found to vary between 0.16°and 1.17° per kmat 16.5 G,
val ues comparable to that of noderate rainfall. Unlike rain,
however, snow produces very little differential attenuation. The
differential phase shift in snow should produce neasurable
depol ari zati on on Earth-space paths, but little or no direct
experimental evidence of this has been reported.

Graupel, or snow pellets, may also exhibit someanisotropy,and
resulting depolarization. Hail particles, which have a rough
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spherical symmetry, probably would not cause depol arizati on.
(McCorm ck and Hendry-1977).

4.2 MATHENMATI CAL FORMULATI ONS FOR DEPOLARI ZATI ON

This section presents the mathematical background required to
di scuss the effects of the propagation medium characteristics and
antenna performance on signals in dual polarization Earth-space
l'inks. It should enable the system designer to properly interpret
experinental data and assess system performance? considering both
the medium s depolarizing effects on the wave and the wave’s
interaction with the antenna system Mst of this developnent is
from stutzman (1977).

4.2.1 Specifying the Polarization State of a Wave

In the nost general case, the tip of the electric field vector
of a plane electromagnetic wave traces out an ellipse in the plane
perpendicular to the direction of propagation. The polarization
state of the wave is given by specifying the shape and orientation
of the ellipse, along with the sense of rotation of the field
vector. Figure 4.2-1 shows the general polarization ellipse and
defines the notation. The electric field vector €(t)is the
resul tant of sinusoidal conponents €x(t) and €y(t) which have
different anplitudes E, and E2 and a phase difference é:

—_ A A
Elt) = x E,lt) + vy g

(4.2-1)

A A
x E, coswt + y E, cos (wt + d)

where % and 9 are unit vectors in the x and y directions,
respectively, wis the radian frequency, and t is tine. The

pol arization ellipse is fully described by the angle, 7, between
the ellipse major axis and the x-axis, and the ratio of the mgjor
and minor axes of the ellipse. This ratio is the magnitude of an
I nportant paraneter known as the axial ratio, and is the ratio of
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the maximum to the mninmum magnitude of the electric field vector
The axial ratio's sign is assigned to be positive if the vector
rotation has a | eft-hand sense and negative for rotation with a
right-hand sense: (See Figure 4.2-2.) Linearly polarized waves have
an infinite axial ratio; circularly polarized waves have an axia
ratio r =+1, corresponding to LECP and RHCP respectively,

It is convenient to define another paraneter

£=cot-1 r ;-45° < ¢ < 45° (4.2-2)

The specifying parameters e and rare related to the quantities used
to describe the fields earlier by

1
E = 7 sin” (sin2y sind) (4.2-3)
1
T = —2--tan'1 (tan2y cosd) (4.2-4)
max y-component of _g
where v = tan? maxx-componentof §
(4.2-5)
= tan-1 (Ez/E1)

There are other nethods used to specify polarization state
(Stutzman-1977) . The Stokes paraneter representation is a matrix
formulation. The Poincare sphere is a mapping of polarization
states into points on a unit sphere. The conplex polarization
factor is a single nunber specifying polarization state. Al these
various representations are directly relatable to the angles ¢ and t,
or § and v.

4.2.2 \\ve- Antenna I nteraction

The power available (Pg) at the output of an antenna illum nated
by a uniformy polarized incident plane wave of flux density Sis
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Figure 4.2-1. Polarization Ellipse

PROPAGATION
OUT OF PAPER

(V 8%

RIGHT HAND SENSE LEFT-HAND SENSE
r<o r >0

Figure 4.2-2. Definition of Sign of Axial Radio, r
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PR S Aemp (4.2-6)

where Re is the effective aperture of the antenna in the direction of
the incident wave, and mp is the polarization nmismatch factor. This
factor is a real number between zero and one that depends on the
degree of match of the polarization state of the wave and the
antenna. The polarization state of a receiving antenna is defined
as the state of the wave that the sane antenna would transmt, but
wth tine reversed. (A time-reversal changes the direction of
propagati on of a wave but retains the sense of rotation and axi al
ratio. ) A RHCP incident wave, for exanple, is perfectly matched to
a RHCP antenna. This nmeans the antenna absorbs the maxi num anount
of power fromthe wave, and m= 1. A RHCP antenna absorbs no power
froma rHce wave, and m= O. The general expression m, assum ng
arbitrary elliptical polarization states of both the antenna and the
wave, 1S

1 4, +(r,2-1(r2-1)cos 2( T,-T,)
m (W,a) = — 4 wa w 8 8 "w
P 2 20r, 2+ g2+ 1) (4.2-7)
wher e ra = axial ratio of antenna
r.= axial ratio of wave

Ta = major axis angle of antenna
W = major axis angle of wave

W consi der sone exanples to confirmthat (4.2-7) is plausible:
Ant enna RHCP, \Wave LHCP

ra:'l, rw:+1

m, =1/2 + 4(1)(-1) + (1-1) (3-1) =1/2 - 1/2 =0
2(1+1)(1+1)

Antenna LP, Wave CP
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ra :oo, rw =l

By dividing the nunerator and denoninator of the second term of
(4.2-7) by r2,, then taking the linit as r +o0, we find that mp=1/2,
which is intuitively agreeable.

Antenna LP, Wave LP

Here we divide the numerator and denom nator by r2,r2, and pass to
the limt, giving

mp 1/2 + 1/2 cos 2(va W) cos2(1, tw) (4.2-8)

This equal s one when the orientation of the linear polarization axes
of the antenna and wave are aligned (Ya - ), and equal s zero when
the axes are orthogonal (va-tw=t90°)

Antenna LP, Wave Elliptically Polarized

ra = oo r =r

Dividing through by rd and taking the linit as before, we obtain

1/2 (r2-1) cos 2(1,-1,)

(4-2.9)

Figure 4.2-3 is a polar plot of mversus the angle difference ta=tw,
for r=1.5 and 2.

Letting

mp for Ta =% (aligned)

(Mp) max

(Mp)min m ,for %a = W + 90° (orthogonal)
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(mp)max = 0.602

Figure 4.2-3. .Polarization Msmatch Factor mp for LP
Antenna and Elliptically Polarized Waves
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Some al gebra vyields
- { p)max g
= __r_("'p = (4.2-10)

This is confirnmed in Figure 4.2-3.

This formula suggests a technique for nmeasuring the axial ratio
and principal axis orientation of a received wave: The power
received by alinearly polarized antenna (e.g., a dipole) is
measured as the antenna axis is rotated through 180°. The ratio of
the maxi mumto the mninmum received power, assumng a perfect
antenna, is then the square of the axial ratio of the wave, and the
orientation of the wave's principal axis is just the antenna s
orientation when maxi mum power is neasured.

4.2.3 Cross Pol arization Discrimnation (XPD)

Havi ng defined the polarization msmatch factor, we now present
a nore useful definition of XPD than that given earlier. Othogonal
pol ari zation states are defined, in general, to have axial ratios
that are equal in magnitude and opposite in sign (i.e., opposite in
rotation sense),and have polarization ellipses with spatially
orthogonal axes. Vertical/horizontal LP, and RHCP/LHCP are conmon
exanpl es of orthogonal states. The polarization msmatch factor for
a wave with a given polarization state incident on an antenna that
I's matched to the orthogonal state is zero.

It is always possible to deconpose a wave into two conponents
with orthogonal polarization states. An arbitrary wave can be
consi dered as being conposed of a conponent with a polarization
state matching the antenna, and a second conponent with the
orthogonal state. The antenna extracts maximum power from the
mat ched component, but conpletely rejects the orthogonal conponent.
The polarization nmismatch factor is then seen to be the proportion
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of the totalflux density inpinging on the antenna that is being
carried by the polarization-matched wave conponent. Denoting the
recei ved wave’'s polarization state by the index w, and the
antenna’s polarization state by w, the antenna output power is

P= SAemp(w' ,w) (4.2-11)

A second antenna with equal effective aperture Ae but with a
pol ari zation state wo, that is exactly orthogonal to w, gives an
out put power

Po = SAemp(w.,WO) (4 2' 12)
The XpD is the ratio of the orthogonal conmponents of the wave,

assuming that the “wW polarization state is the one the systemis
designed to nmaxim ze, or the copolarized state. The “w, state is
designated as crosspol ari zed.

Suppose a LP wave is received, and the copolarized state (W) is
designated as horizonally polarized. Let tv= 1, =the angle of the

received wave with respect to horizonal. For this case,
mp(w',w) = cos2t (4.2-14)
mp(w',wo) = Sin% (4.2-15)
XPD = 10 | og (cot2t) (4.2-16)

Assune an elliptically polarized wave is received with axial
ratio r, = r, and copolar is designated as LHCP. For this case,

r, = tlr fug = -1 (4.2-17)
+1)2
mptww) = (1720 L (4.2-18)
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(r-1)2
mp (W, wo) = (1/2) 75 3 (4.2-19)

XPD =20 log [(r+1)/(r-1)]) (4.2-20)

XPDis plotted versus r for the elliptically polarized case in
Figure 4.2-4. An alternate "axial ratio,” ARgs,isshowninthe
figure. This is comonly used and is related to r by

ARAB = 20 | og Irl (4.2-21)
In terms of this paraneter, XPD is closely approximted by
XPD = 24.8 -20l 0g (ARdB) , for ARdB < 10 4B (4 2-22)

424 Effect of Non-Ideal Antenna Perfornance

The XPD describes the polarization characteristics of a received
wave With respect to sone "copolarized" reference. The true XPD
could be measured with an ideal antenna, capable of being natched
exactly to the co- and cross polarized state. Actual antennas are
not ideal. They can be built with outputs that closely approxi mte
the copol arized and crosspol ari zed conponents of the wave, but somne
degree of degradation is always present in their performnce. Here
we present a nethod of quantifying the polarization performnce of
the antenna and taking this performance into account in interpreting
pol ari zation measurenents.

Fromthis point on, the receive antenna polarization states that
are close to the true co- and crosspolarized wave states will be
di stinguished fromthe true states by putting their names within
quotation marKks.
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Figure 4.2-4. XPD VS, Axial Ratio of Elliptically Polarized Wave (LHCP is Copolarized)



Isolation, |, is defined as the ratio of the output power
avail able at the antenna’s "“copolarized" port (P) to the output
power at the "crosspolarized" port (Px). The polarization states
coupled to the "copolarized" and "crosspolarized" ports are ac and
ax, respectively. Since the antenna is non-ideal, a,and ax are not
necessarily orthogonal, and a does not necessarily correspond to the
pure copol arized state. Denoting the state of the received wave as
w and the wave's power flux density as SW, we have from (4.2-11):

P S A.m (w',a.)

T e o= w're ' 'p r=C

1 = 10 ‘OQ’E:‘ 1 0009 Sw’Aemp‘W/'ax)

(4.2-23)
m (w’,a.)
= 10log —————
my{w’, ax)
It is useful to be capable of finding xeD in terms of I, which

I's measurable. The power available at the "copolarized" antenna
port can be witten in ternms of the true copolarized and
crosspol ari zed wave conponents, w and ¥ .

pc = Ae [Sump(w'ac) + Swomp(WQIac)] (42'24)
Li kewi se for the "crosspolarized" power
Py = Re[Sump(w,ay) + Sy,Mp(Worax)) (4.2-25)

S,and S,,are the power flux density in the true copolarized and
crosspolarized states, respectively. Now we have

Swmplw.ac) + 8§, mylw,.ac)

| = 10log
Swmplw,a,) + Swomp(wo,ax)
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(xpd)mp(w,ac) + mp(wo,ac) (4.2-26)

= 10 log

(xpdIim,(w,a, ) + m,(w,,a,)

wher e xpd = Su/Sw, = | 0g -1 (XPD/10 )

Since the "copolarized" state of the antenna is assunmed to be well-
mat ched to the true copolarized wave conponent,

mp(Wosac) << mp(w,ac)

So this termis negligible and

m,(w,a.) (4.2-27)

| = 10 log
mp(w,a,) + mpiw,,a,)/(xpd)

Note that when the antenna is nearly ideal
mp(w,ac) = 1, mp(wo,ax) = 1, mp(w,ax) = O

and so | = Xpp. On the other hand, when the XPD is very high
| = 10 log [mp(w,ac)/mp(w,ax))

which is a function of the antenna only. This inplies that a given
antenna can be used to neasure XPD to a given accuracy up to a
certain maxi mum XPD val ue which is determned by the antenna
performance paraneters.

For the CP case, the equation for | becones

! +
1 =lo log 2 +r1 (4.2-29)
Valxpd-1+1) + % (xpd-'-1)
e + 1
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where re and ry are the axial ratios of the antenna’s "copolarized"
and “crosspolarized" states, respectively. Figure 4.2-5 shows |
versus XPD for various values of axial ratio ARgs. 1he "copolarized"
and "crosspolarized" axial ratios are made equal in the figures, but

| is-actually nearly independent of rx. The figure gives the amount
of error to be expected when measuring XPD

For the LP case, we obtain

1 + Q, cos 27,
(14 xpd-1) - (1-xpd-1) Q, cos 2(7X-90")

I = lolog (4.2-30)

wher e Qc,x ) (,rc.zx'1)/(rc.2x+ 1

Tc,x = antenna "copolarized", _ _
"crosspolarized" axis orientation angle

re, x — antenna “"copolarized", _
"crosspolarized" axial ratio

The copolarized wave axis is taken as the reference for the antenna
axis orientation angles. Figures 4.2-6 and 4.2-7 show | versus XPD
for various antenna axial ratios and axis msalignnent angles. The
first figure is for perfect axis alignnent and varying axial ratio.
As with the CP case, equal axial ratios for the "copolarized" and
"crosspolarized" states were assuned, but isolation is practically

i ndependent of the "copolarized" axial ratio, re, When it is |arge
(>204B). Figure 4.2-7 shows the effect of axis msalignment for the
ARgp=30dB case. The antenna axes are assuned orthogonal, wth = = %
-90°, but the isolation is not strongly dependent on 1 for T < 10°.
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4.3 RAIN DEPCLARI ZATI ON

431 Theory of Rain Depolarization

Rai n depol ari zation can be modelled using the sanme techni ques
applied to rain attenuation. The essential difference is that in
exam ni ng depolarization, the raindrops are assuned to be oblate
spheroids. The attenuation analysis assumed that the raindrops were
spheri cal . Figure 4.3-1 shows the geometry for a dual LP wave
inci dent on an oblate spheroidal raindrop. The raindrop is at an
arbitrary orientation with respect to the direction of propagation
of the wave. The orientation is specified by the angle q, between
the propagation vector and the raindrop’s symetry axis. The plane
containing a will be referred to as the plane of incidence.

Ex and E; are electric field vectors of two orthogonal LP waves.
They are in a plane normal to the propagation vector, and each one
can be resolved into two conponents: a conponent in the plane of
i nci dence, and a conponent normal to it. Parallel to these

conmponents, we define two symmetry axes, |labeled | and Il in the
figure. The projection of the raindrop into the plane containing
the electric field vectors is an ellipse, and axes | and Il are its
m nor and maj or axes, respectively. Figure 4.3-2 shows this ellipse
and how the electric fields are resolved into their “I” and “I1”
conponent s.

The total electric field magnitudes in the | and Il directions

(Ex and Ep;) are given by

E| _ Cos® -sinB x :Rli}(
Eyl [sin6  Cos®| Ey oY (4.3-1)
where 6, the canting angle, is the angle between the x and | axes.

Now consider a region of space containing many identical
raindrops with the sane orientation distributed throughout it.
According to scattering theory, the effect of many scatterers along
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the propagation path of a wave is to multiply the electric field
vector by a transmssion coefficient of the form

T= expl-(a-jd)L] (4.3-2)

where L is the path length through the scattering region. The a
term of the exponent produces attenuation of the wave, and ¢
produces a phase lag. This phase lag is in addition to the nornal
free-space phase retardation of the fields. Instead of a and ¢,
whi ch have units of nepers per unit length and radi ans per unit
length, respectively, the nore useful parameters, A and @, are
normal |y used:

A = specific attenuation of power flux density of wave, in
dB/km.,

20(logipe)a = 8.686 a

NS
I

speci fic phase lag of wave, in degrees/km

(180/n) ¢

Aregion filled with oblate spheriodal raindrops nust be
characterized by two transm ssion coefficients: Ty, applied to the
“1” conmponent of the electric field, and Ti1, applied to the “II”
conmponent. Denoting the fields of the wave incident on the
scattering region by a subscript i, and the fields of the wave
exiting the region by s (for scattered), we can wite

TR

Now the coordinate rotation R defined above, can be applied to get
an equation for the effect of the scattering region on the field
vectors in the x and y directions.

| :FI 0

§ 0 Ty

4-25



XS 4 rExi
=RIT
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=T K
v (4.3-4)

Figure 4.3-3 shows how the three conmponent transformations are

successively applied to produce T' . The overall transformation
matrix T° can be evaluated to yield
[ 4
T = txo( ’f)l(y

tXX = Tl Cosze + T" Sinze

(4.3-5)

lad
|

w = T, sin26 + T} cos26

1
Chu (1974) gives expressions for these paraneters in terms of the As
and ¢s.

Calling the Lp wave pol arized inthe x direction the copolarized
wave, we can now obtain expressions for the XPD

Eysl
XPD, = 10 log > with Ey,= O
|Eys|
Itul?
= 10log &
%ty,lz
_ 201 1 + ytan20 (4.3-6)
- °g {y-1) tanb
wher e
Y = T|I/T| = exp l‘(a”‘al)L + j‘¢||‘¢|)LI
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O, calling the y- direction the copolarized state,

E
XPD, = lolog ‘_E_y_s_ with E,;= O

It,, 12
= 10Iogh— (4.3-7)

y + tan?@

= 20l —_—
©1°8 571 tané

For the case of circular polarization, Chu (1974) shows

+ 1

Y
XPDC = 10 Iog ('txx/tyx|2)9=450 2010 gy_T (4-3—8)

whi ch i s independent of the sense of rotation of the copolarized
wave.

Thus far, we have assunmed that all raindrops are of equal size
and have the sane orientation. The nodel nust account for the
distribution of sizes and shapes of raindrops and the distribution
of angles 0 and a that are present in the rain along the path.
Scattering theory allows for this. The scattering effect of a
single raindrop is determned as a function of some paraneter (like
size), then the distribution of that parameter over the popul ation
of raindrops is used in calculating the transm ssion coefficients.
The transm ssion coefficients (nmore exactly, the specific
attenuations and phase lags, A and §) have been calculated in this
manner as a function of rain rate by several authors. The first
cal cul ations (chu-1974, Watson and Arbabi-1973a) used oblate’
spheroidal raindrops. The drops were assuned to be distributed
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be distributed according to the well-known Laws and Parsons
distribution, and to have eccentricities that were directly related
to their sizes, with the largest drops being the nost deforned.

Later work has considered the nore realistic Pruppacher-Pitter
(1971) drop shapes (oguchi-1977). Figure 4.3-4 (from Morrison, et

al -1973) is an exanple of the results of these calculations. These
curves give the difference in the specific attenuation and phase
between the | and Il axes. The angle between the direction of
propagation and the raindrop symetry axis, a , is a paraneter, and
the canting angle, 8, is set to 25°. The differential attenuation
and phase are of nost interest because they actually determ ne XPD.
As can be seen fromthe curves, the worst case for differentia
attenuation and phase corresponds to a = 90°. This agrees with
intuition, since the projection ellipse of the drop onto the plane
containing the field vectors has the greatest eccentricity for that
case. For values of a different from90°, Chu (1974) shows that the
foll owm ng approximation is quite accurate:.

All-Al = sinZa (A)-A)), _gpo

(4.3-9)

¢|"¢| = Sinza (a)”‘¢|)a=%0

Accounting for the distribution of a and 6 is nore difficult
than doing so for drop size and shape. W have little information

about the distribution of the orientation of raindrops. It is
expected that wind and wind gusts produce an appreciable spatia
correlation in the orientation. In the absenceof wind, a fairly

symretric distribution about the vertical would be expected.

The a conmponent of drop orientation is usually considered to be
equal to a constant 90° for line-of-sight (horizontal) paths and the
conpl ement of the elevation angle for satellite (oblique) paths.

The effect of cwon XPD is apparently so small conpared with the
canting angl e dependence that allowng for a distribution of ais
not worthwhile.
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The canting angle distribution, as it affects XPD, has been
studi ed extensively. Thomas (1971) presents an experimentally
determ ned canting angle distribution and derives an “average” angle
of 15°. He further notes that the crosspolarizing effects of canting
angl es of positive and negative sense tend to cancel, so the overal
effect is proportional to the excess of one sense over the other.
Based on sone experinental evidence, he chooses 25% as the worst
case inbalance of canting angle sense. The predicted worst case
XPD, then, is roughly that produced by 25% of the raindrops at a | S°
canting angle. Chu (1974) uses simlar reasoning, but gives
evidence that the mean canting angle is about 25°, and that the
effective angle sense inbalance is about 14% \Watson and Arbabi
(1973b) calculate XPD versus rain rate at 11 G4z assum ng a Gaussi an
canting angle distribution with a non-zero mean value, and
uncorrelated drop orientations. The results were nearly the sane as
those assuming a fixed canting angle equal to the nmean val ue.

Distributions of both a and @ can be accounted for by the
followng transformation 'Oguchi-1977). :

a-j¢ _
ay-idy

where the unprinmed a’s and e's are effective attenuation and phase
constants and the primed ones correspond to a=90°. The canting
angl es and incidence angles are assuned to be randomy distributed
with means 6 and a variances g§g2 and g2, . The transformation
paraneters, assumng Gaussian distributions, are

a|/‘j¢|/
3“/'j¢”/

1+mgm, 1-mgm, 4.3-10)

1-mgm, 1+mgm,

mg = exp (-25g2) (4.3-11)

exp (-20,)

Mg

3
1

% 1+ exp -20,) sin2al
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where og and ¢a are in radians. The effective canting angle used in
the fornulas for XPD, etc. is 6. Substituting the effective

attenuation and phase constants a, ¢into the formula for XPD (4. 3-
6), making the small argunment approxinmation

Y = exp [’(a"/‘a!/)l- + l(¢l|_¢|’)L]

= 1 - (a||/~a|’)L + j(¢“/-¢l')l_ (4' 3- 12)

and making further approxi mati ons based on the known val ues of the
a’'s and 0's, we arrive at

XPD = -20 log %memaL((Aa’)z + (4 12]% sin 28 % (4.3.13)
wher e’
A’ = ay'-9
A¢/ = ¢“/_¢|/

This is good approxi mation for frequencies in the 4-50 G range and
rain rates less then 150 mm/hr. |f, in addition, we neglect the
effect of the distribution of a and assunme that the drops are

oriented horizontally in the plane of incidence, as do Nowland,
et.al. (1979), we can wite

002 <1
(4.3-14)
a = 90°-¢
where & is the antenna el evation angle. This inplies
Mg= cos2e (4.3-15)

whi ch further sinplifies the approximtion for xpD. The result is
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II

1 ) -
XPD = -20 log | - mgl|Ak’ cos?¢ sin 26

with

lak‘f = [(Aa’)2 + (A ¢)2)%

432 Rel ati onshi p between Depol arization and Attenuati on due to
Rai n

An enpirical relation has been observed between the exceedance
statistics for attenuation and those for XPD on the sane path. The
relation is

XPD 23'-B|OQ(CPA) (4.3-17)

where XPD is the value of cross-polarization discrimnation not
exceeded for a given percentage of the time, and CPA is the
copolarized attenuation value in decibels, exceeded for the same
percentage of the time. The enpirical constant s is typically found
to be in the 30-50 dB range and b is usually around 20. W present
bel ow the theoretical basis supporting this relation, and exam ne
some of the experinental evidence for it.

Referring back to Section 4.3.1, we can obtain an expression for
attenuation of the copolarized wave in a manner simlar to finding
the XPD. The copol arized attenuation, assumng a LP incident wave
oriented in the x-direction, is given by

2
CPA = -lo IoglE"s‘—I2 with Ey, = O

xi

-lo log |t [

-20 log |T,cos26 + T, sin26|

-20 log |T|[1+ (e-{82-ia¢)- 1 ) sin2g]

(4.3-18)
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where Aa and A¢ are defined under equation (4.3-13). Using the
smal | argument approxi mation (4.3-12) we can obtain

CPA, = -20 log lexpl(-a|L cos26 -a,L sin%)]

(Aicos28 + AysinZ6)L

(4.3-19)
The sane expression, with 1 and Il subscripts interchanged, is found
for CPAy . Note that the above expression applies only when all the

rai ndrops have the same orientation. Averaging over distributions

of orientation angles a and 6, as was done earlier to find the XPD,
we obtain

1 —
CPAX ='2_“A" + A“/) + moma(A,’-A,,’) cos 26 )L (4 .3-2 0)

where Ap' and Axp' are the attenuation coefficients, in dB/km, for a
“90°. Again assuning as before, that the raindrops are not
distributed in a, and that a = 90°-¢,

1 _
CPA, =—[(A) + Ay/) + mgl A’- A /) cos? cos Z6]L (4.3-21)

CPAy is the same except that the sign of the second termis mnus.

To relate XPD and CPA, we assune that the CPA, the attenuation
coefficients Ay and Arz, the nagnitude of the differentia

propagation constant, and the effective path length all bear a power
law relation to the effective rain rate, R (Nowland, et al-1977):
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CPA = a  R™ L (4.3-22a)

b

A, = a R 4.3-22 b)
A, = a, R 4.3-22c)
L=ur 4.3-224)
lox| = ¢ R (4.3-22e) ,

Substituting (4.3-22a-c) into (4.3-21) gives approximate €XpPressi ons
for a, and b, in terns of ai, az, by and bz, which can be deterni ned
by regression fitting to the calculated propagation constants. The

paraneters u, v, ¢ and d can also be determ ned by regression
fitting to theoretical or enpirical relations.

Substituting (4.3-22d8) and (4.3-22e) into the formula for XPD,
(4.3-16), gives XPD in terns of R and regression paraneters.
Li kewi se, using (4.3-22d) in (4.3-22a) gives CPAin terms of R and
regression paraneters. Elmninating R then relates XPD and CPA:

XPD = ¥ - b log CPA (4.3-23)
W th

0(;?6—':% )109(3011) - 20 log(% C U my cos% sin2§]

o 24
!

B - 20(85%)
° (4.3-24)

In the 11-14GHz range, bo = d, which sinplifies the fornulas:

a g -20 109[2_159 c m, coszssinz.e-]
b = 20
(4.3-25)
Throughout the preceding devel opment, |inear polarization in the

x direction was assumed. For LP waves in the y- direction, the 1
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and 2 subscripts in the fornulas for a, and b, are reversed. For CP
waves, 8 is set to 45°, which gives the |owest value of XPD.

The cCIR devel oped a provisional fornula based on the above
anal ysis, which provided a sinplified formto allow for the
prediction of XPD for a given percentage of the time. The CCIR
formula was first presented in CCIR Report 564-1, (CCIR-1978), and
| ater updated and nodified in Report 564-3, (CCIR-1986). The CCIR
formula essentially sets

208 = (1(GH2))-3/2 (4.3-26)
2a,

B = T = polarization tilt angle with respect to horizontal

toarrive at the "CCIR Approxinmation”
XPD = 30 log[f(GHz)] - 40 log(cos C)-10 log[1-.484(1 + cos(4t))]
- 20 log (CPA) + .ooszo(Pz (4.3-27)

where o, is the effective standard deviation of the raindrop canting
angle distribution, expressed in degrees. [ The CCIR prediction
procedure is described in detail in Chapter VI, prediction

Techni ques. ]

The “exact” evaluation of the a and b coefficients requires
first finding ai, by, a2, bz, c and d by regression fitting to the
paraneters Ap, Ryyz, and Akversus rain rate and frequency. These
paranmeters in turn are determned by the propagati on constants {ar.
¢|f etc.) corresponding to the raindrop symetry axes. Now and, et
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al (1977) report the results of regression calculations performed in
this manner for oblate spheroidal and Pruppacher-Pitter-form

rai ndrops, for the Laws-and Parsons drop size distribution. More
extensive results are included in CCl R Docunment 5/206 (1977), a
Canadi an submission to the Study Goup 5 Final Meeting. That report
al so contains the regression coefficients for path length, u and v.
These are given as functions of elevation angle for three ranges of
rain rate, and were conputed based on an enpirical fornula for path
| engt h.

The orientation distribution of the raindrops is the rain
characteristic about which we know the |east. It enters into the
computation in finding a. and b. from ai, a2z, by and bz, and in
finding & As stated earlier, it is apparently quite safe to ignore
the effect of the angular distribution in the plane of incidence
(see Figure 4.3-1). This allows us to set a = 90°-¢ , the conpl enent
of the elevation angle of the path. The drop orientation angle 6
with respect to the polarization direction, measured in the plane
normal to the path, can be expressed as the difference 6 = -1 where
¢ is the drop canting angle and t is the polarization direction,
both measured with respect to the horizontal. Since T is known, it
is the statistics of 0O that determnes 6 and 0, (or my ), i.e.

0=¢ -1, Op = O (4.3-28)

It is convenient to describe the distribution of ¢ by an equival ent
canting angle ®e , defined by

sin 2|é- T| = mgsin 2{¢ -71 (4.3-29)

The equivalent canting angle is the canting angle that identically

oriented raindrops would need to have in order to produce the sane

XPD. Now and, et al (1977) cite a neasured value of 4° for ¢e that

is consistent with independentl|y-determ ned values of ¢and o¢ , but
give other experinental results that show little consistency. ¢More
work is clearly needed in characterizing the canting angle.
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Chu (1980) enployed a “two-tiered” Gaussian nodel for the
canting angle. It assumes first that the instantaneous canting
angl e has a Gaussian distribution with nean ¢m and standard
devi ation S¢. Second, the nean angle ¢m, Which varies with time, is
itself assumed to be Gaussian. The distribution of®mhas zero nean
and standard deviation S,. The values of these paraneters that
apparently give the best agreenent with experinental data are Se¢ =
30° and S,= 3°.

Based on this two-tiered nodel, Chu (1982)derived a semi-
enpirical formula for depolarization versus attenuation that agrees
with experimental results over a wide range of frequency,
pol arization tilt angle and elevation angle. Cross-polarization
discrimnation for circular polarization XPDe , in decibels, is given
by

XPD, = 11.5 + 201logf-2010g (CPA)

-40 | og (coSE) (4.3-30)

where f is frequency in gigahertz, CPA is copolar attenuation in
decibels, and ¢ is elevation angle. The fornmula for cross-

pol arization discrimnation with linear polarization, XPD, , in
deci bels, is

XPDL = 11.5 + 20 log f - 20 log (CPA)
- 40 l og (Cost)
-10log 1/2 (1 - 0.978 cosd1)
- 0.075 (CPA) cos2ecos 2T (4.3-31)
where T is the polarization tilt angle nmeasured fromthe horizontal.

Note that the fornulas (4.3-30) and (4.3-31) contain a frequency
dependence of 20 log f. This disagrees with the provisional formula

of the car (Equation 4.3-27), which has a 30 1og f frequency
dependence. There is little discrepancy between the predictions
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given by the two formulas for frequencies in the vicinity of 12 GHz,
but the above fornulas give better agreenent with data at 19 and 2
Gt .

4.3.3 Statistical Characteristics of Rain Depolarization

Two nodel s have been proposed for predicting the statistica
characteristics of rain depolarization. Chu (1980) deterni ned
functional dependencies of cross polarization on frequency,
polarization and elevation angle, and presented techniques for
finding depolarization statistics on the basis of rain rate or rain
attenuation statistics. Kanellopoulos and C arke (1981) devel oped a
met hod of predicting long-termrain depolarization statistics on
short terrestrial links. The distribution of cross-polarization
isolation, in decibels, turns out to be approximately Gaussian. An
assunption of uniformrain rate restricts the nodel to short paths,
but an extension to the nore general case of varying rain rate al ong
the path is in progress. The general nethod should also be
applicable to satellite paths.

Experi nental depol arization data on satellite paths appears to
be approximately normally distributed. Conmbining this with the
observed | og-normal distribution of rain attenuation, a
probabilistic nodel of depolarization in conbination wth
attenuation has been proposed (Wallace - 1981). In this nodel the
joint probability density of XPD, in decibels, and the |ogarithm of
rain attenuation, in decibels, is approximated by a bivariate
Gaussian density. This description agrees fairly well wth
experinental results. The proposed nodel has been used in the
analysis of single-site and diversity system availability.

4.3.4 Experinental Depolarization Data

The nost extensive experinental investigations of depolarization
above 10 GHz to date have been perforned at Virginia Polytechnic
Institute and State University (VPI & SU) at Blacksburg (Bostian and
Dent - 1979) (Stutzman et.al. - 1983), the University of Texas (UT)
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at Austin (Vogel - 1978), and the Bell Tel ephone Laboratories (BTL)

I'n Holmdel, and Crawford HIl, N.J. (Arnold, et al - 1979). The
si gnal sources for depol arization neasurenments conducted at these

facilities have been beacons on the follow ng spacecraft.

ATS-6 20 Gz, 30 GHz, LP

CTS 11.7 Gz, RHCP

COMSTAR 19.04 GHz, Vert. & Horiz. LP
COMGTAR 28.56 GHz, Vert. LP

SIRIO 11.6 GHz, RHCP

Four COWMSTAR spacecraft, D1 through D4, have been used.

In the experinents, the signal levels in the copolarized and
cross polarized channel s were neasured, either continuously or
during periods of rain. The measurenent records were typically used
to generate XPD and CPA statistics and plots of XPD versus CPA.

Sone results of these experiments are presented in section 6.7.2

Both the VPI and SU and the UT data bases have been processed to
give XPD vs CPA on an instantaneous basis, and on a statistica
basi s. In the former case, XPD values that were observed at the
sanme tine as the corresponding cpavalue are plotted. In the latter
case, the XPD value that was not exceeded for a particular
percentage of tinme is plotted agai nst the CPA val ue that was
exceeded for the same tine percentage. An instantaneous XPD vs CPA
pl ot was prepared for each nonth, and a curve of the formXPD = & -
b log CPA was fitted to it. Table 6.7-1 shows the 3 and b
paranmeters giving the best fit for each nonthly plot for the 1978
VPl and su dat a. The paranmeter R, which indicates how well the data
fits the analytical curve (r2 = 1 for perfect fit), is given for each
case. The best-fit 5 and b val ues are quite variabl e month-to-
mont h, and some nonths have very |ow r2 values. The UT data gave
simlar results. This indicates that the formula s probably not.
very reliable for predicting XPD versus CPA on an astananeous
basis. Statistical plots, on the other hand, generally show very



good fit to the formula. The VPI and SU CTS data (11.7 GHz) for the
1978 cal endar year yielded 3 - 41 a8 and b - 23.2 with R2 = 0.95 whe
all data for CPA <5dB is ignored. The UT data, covering about 18
months, gave a = 41 dB, b = 20.6 with R270 99.

Figure 6.7-3 shows how the experinentally determ ned values of a
and b for various frequencies and polarizations conpare with the
theoretically determned values from the fornulas given previously.
The theoretical predictions in general overestimate the depolarizing
effects of the rain.

In the BTL experinment, co- and crosspolarized signal phase as
wel | as anplitude was measured. This allowed the investigators to
calculate XPD for arbitrary polarization states by vector
mani pul ati ons. The beacon signal used, froma COMSTAR satellite,
was |inear polarized and oriented at about 21° from the | ocal
horizontal. Through the data conversion process, XPD versus CPA was
determned on a statistical basis for linear polarization oriented
0°, 45° and 90° from horizontal, and RHCP. Figure 4.3-5 shows the
median 19 GHz curves for the true polarizations (21°from vertica
and horizontal) and for vertical, horizontal and 45°. The experiment
confirmed the theoretical result that maximum XPD occurs at 45°
Al so, the XPD values calculated for RHCP were virtually identical to
those at 45°,which is predicted by theory. The figure shows that
the 21° curves fall between the 45° and the vertical/horizontal
curves, and that XPD for horizontal polarization is greater than for
vertical polarization. Both of these results aqree with physica
reasoning, A general aqreement With the XPD = a - blogcPa
relation is evident for the lower three curves, in that they tend to
lie near a straight line on the semilogarithmic plot. The CCIR
approxi mation (4.3-27) is shown on the plot for the tilt angles 21°
and 45°. In this case, the CCIR approximation appears to
underestimate the depolarization

4-41
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4.35 Phase of CrossPol ari zed Signal

Techni ques have been devel oped for conpensating for
depol arization in dual-polarized satellite systenms. They involve
canceling the crosstalk in one channel by inserting a properly
levelled and phased sanple of the opposite channel’s signal. The
signal sanple used for canceling nust be exactly 180° out of phase
fromthe crosspolarized signal for the technique to work. Its
ef f ecti veness depends, therefore on how well the control system can
determne and track the phase of the crosspolarized signal. This is
a function of variability and rate of change of that phase.

Estimating the performance of crosstalk cancellation systens is
one notivation for investigating crosspolarized signal phase.
Anot her reason is that the signal phase is sensitive to certain
properties of the rain medium (e.g. canting angle), and its
measurenment can aid in modelling the propagation properties of rain
phenomena.

Overstreet and Bostian (1978) at VPl and SU derived a
t heoretical description of the phase between the copolarized and
crosspol arized signals when rain depolarization is present. They
assunmed identically oriented raindrops, canted at an angle 6 with
respect to a copolarized reference direction, having known
differential attenuation and phase and a known effective path
length. Using Chu's differential attenuation and phase val ues for
the frequencies and elevation angles of the CTS and COMSTAR D-2
beacons, they predicted the phase as a function of 8 and rain rate,
then found phase versus the XPD value for the same rain rate. The
path |engths used were derived from attenuation statistics for those
beacons at the VPl and su station. For linearly polarized signals
at 11 and 28 GHz, it was found that the phase was a fairly weak
function of XPD and t , typically remaining wwth a 45° sector for XPD
val ues down to 15 dBoverthe expected range of 6. For circular
pol arization, it was found that the phase difference Ais given by
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Ac = 220 + AL(8 = 45°) (4.3-30)

where A€ is the phase difference for LP waves, and the sign of the
first term depends on whether RHCP or LHCP is copolarized. The LP

phase difference at 6 = 45° is only weakly dependent on XPD so the 26
term predomnates in AC

Experimental data fromthe cp CTS beacon at 28.56 GHz generally
confirmed the theoretical expectations. The phase difference of the
LP signal normally renmained in a 20-30° range during a rain
depol ari zation event, whereas the CP signal phase difference varied
wi dely during the course of a rain event. The phase versus XPD
changes generally followed a characteristic sequence during
convective storms. This indicated the changes in the nature of the
depol ari zing medium primarily in predom nant canting angle of the
rai ndrops present, through the passage of the storm cell

The experinmental evidence suggests that crosstal k cancellation
schemes woul d be nore effective using tpthan CP waves. The phase
of the crosspol arized signal, which nmust be estimated by the
cancel lation system is nuch less variable with I'inear polarization.
In fact, setting the phase of the cancellation signal to a constant
val ue woul d give a degree of effectiveness, while elimnating the
need for a conplex phase shifter control system

436 Rate of Change of Depol ari zati on

To nore fully characterize depol arization, sone quantitative
description of the rate of change of the anplitude and phase of the
crosspolarized signal would be desirable. This information would
assi st us in designing adaptive controls for crosstal k cancellation
systens, and nay al so provide further insight into the nature of the
met eor ol ogi cal process responsible for depolarization. However,
there has apparently been little research effort expended to this
end. Further experimental work, or further analysis of existing
data bases, is needed in this area.
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4.3.7 RainDepolarization Dependence on FElevation Angle and
Frequency

Know edge of the dependence of crosspolarization discrimnation
on elevation angle and frequency is quite valuable because it allows
us to extend the useful ness of tine-consumng and costly
measurenents. Unfortunately, the present limted body of
experimental evidence does not overwhel mngly support the
theoretical scaling relations, so they must be used with caution.

The expression obtained earlier for XPD (eq. 4.3-16),

1 -
— -20log [~ mgyL|Ak’| cos2€ sin 26]
XPD 9l mg Ak’ (4.3-31)

can be rewitten to explicitly show the elevation angle and
frequency dependencies. For the CP case, corresponding to the
m ni mum XPD, we have 6 = 45° which gives

XPD = -20log (L cos2¢)
-20 log |AK’| (4.3.-32)

-20 log (my/2)
Using the enpirical relations (Nowland, et al-1977):

L =[7.41 x 10-3R0-766 + (0,232 - 1.8x 107$R) sin €]-!
(4.3-33)
|Ak’| = ¢(f) R dif)

It is apparent that the first termin the XPD expression is a
function of rain rate and elevation angle only, and the second term
is a function of rain rate and frequency only. These terns are
plotted in Figure 4.3-6. The last term can be considered constant,
though it may also be a function of rain rate. For mg = 0.8, the |ast
termis 8 dB.
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Anot her depiction of the frequency dependence of XPD is shown in
Figure 4.3-7. It shows the predicted XPD vs CPA relations for fixed
frequencies and elevation angle. It is clear that, for any given
rain rate, both CPA and XPD get worse as frequency increases.
However, for a given value of CPA, XPD inproves with frequency.

441 CE DEPOLARI ZATI ON

The second najor cause of depolarization on Earth-space paths,
besides rain, is the presence of ice crystals in clouds at high
altitudes. |Ice crystal depolarization is different fromrain
depol arization in that it is not acconpanied by appreciable
copol arized attenuation. This is because the depolarization is
caused primarily by differential phase shifts, rather than
differential attenuation, which is responsible for rain
depol ari zation. Another distinguishing characteristic is that the
anplitude and phase of the crosspolarized signal often undergo
abrupt, coincident changes with |arge excursions.

441 Met eorol ogi cal Presence of |ce

Cl ouds present above the freezing |evel consist, conpletely or

in part, of ice crystals. Cirrus clouds, and the “anvil” that forms
at the top of mature thunderstorns are all ice, and the upper parts
of cumul oni mbus clouds are predomnately ice. The crystals that are
present have one of two shapes determined by the tenperature at the
tine of formation. Very cold tenperatures, bel ow about -25°C, favor
the formation of needle-shaped crystals. Flat, plate-like crystals
formin a noderately cold environment (-9° to -25°C). The dinensions
of the crystals vary between about 0.1 and 1 mm

| ce crystals formon dust particle nuclei in the atnosphere.
The rel ative abundance of dust particles has been hypothesized as
the reason for differences observed in ice depolarization at
different |ocations. In maritime regions, the air contains
relatively few dust particles conpared with continental areas. As a
result of this, nmaritine air tends to have fewer, but larger ice
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particles than continental air under sinilar conditions. It is
believed that the presence of larger crystals accounts for the
generally higher values of XPD observed in naritine versus inland

| ocations (i.e., BTL versus VPI & SU)

Li ke raindrops, ice crystals are non-symetrical and they have a
dielectric constant nuch different fromair. These are two of the
necessary conditions for depolarization. A third condition, a
preferred particle alignment, is also required. Oblate raindrops
are aligned by aerodynam c forces, and their preferred alignment
direction is affected by the prevailing winds. Aerodynamcs also
plays a role in aligning ice particles, but it is believed
el ectrostatic forces also play a large part. This belief is
supported by nany observations during thunderstorns of rapid XPD
changes coinciding with lightning flashes. This coincidence may be
expl ai ned by thefol | owi ng: Electric fields present in regions
bet ween oppositely-charged cl ouds exert torques on the highly non-
symmetrical ice crystals. \Wen the field is sufficiently strong,
these torques becone significant in conmparison with the turbul ent
aerodynam c forces, resulting in an average alignnment of the
“needl e” crystal axes and the “plate” crystal planes along the
direction of the field Iines. Wen a lightning discharge takes
pl ace between the clouds, charges are equalized and the electric
field intensity drops. Aeroydnamc forces then predominate, and the
crystals quickly lose their preference for a particular direction of
orientation (Bostian and Allnut - 1979).

442 NModel for Ice Depol ari zati on

Propagation through a region containing ice crystals can be
anal yzed in a manner analogous to that applied to rain. In the case
of ice, the crystals are modelled as highly eccentric prolate
spheroids (“needle” crystals) or oblate spheroids (“plate”
crystals). Hawort h, Watson and MEwan (1977) have perfornmed this
analysis. They assumed that due to aerodynamc forces, the “plate”
crystals were oriented horizontally and the axes of the “needle”
crystals stayed in the horizontal plane. Under this assunption, an



electrostatic field has no effect on “plates”, and aligns the

“needl es” along the horizontal conponent of the field. Figure 4.4-1
shows the magnitude of the predicted ice XPD. The “needle’’-produced
XPD varies with ¢, the average orientation angle of the crystal axes
measured in the horizontal plane. The paraneter a is a neasure of
the degree of alignment of the crystal axes. When the axes are
uniformy distributed in all directions, a = 0, and when al

crystals are oriented in the same direction, a = 1.

The phase of the crosspolarized signal, as predicted by the
model , undergoes an abrupt change of 180° as ¢ passes through the
val ues corresponding to the XPD peaks, (crosspolarized signal nulls).
These are at 80° and 130° in the figure. Wen a is below sone
critical value, however, (falling between 0.5 and 1.0 for the
example shown) the double null and acconpanyi ng phase junp don’t
occur. This phase reversal phenonmenon has been observed at the tinme
of lightning flashes in thunderstorns (see Figure 6.7-8)and is
accompanied py a junp in XPD anplitude. Bearing the earlier
di scussion in mimd, we woul d expect changes in a and ¢ to acconpany
lightning di scharges. The sanme behavi or has al so been detected
during the passage of non-electrically-active clouds (Shutie, et al-
1978) .  This inplies that a particular nmechani sm probably w nd
shear, is responsible for crystal alignnent, besides electrostatic
fields.
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